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Abstract
Effect of thermal boundary conditions on propagation of non-equidiffusive flames in pipes
Swathi Reddy Shetty
Boundary conditions constitute one of the key factors influencing combustion in chambers
with large aspect ratios such as narrow channels or pipes. Specifically, the flame shape and
propagation velocity are impacted by wall friction and heat transfer to the walls. Both factors
continuously deform the flame front, thereby resulting in its larger surface area as compared to a
planar flame front. Such a corrugated flame consumes more fuel per unit time and thereby
propagates faster than the planar flame at the same thermal-chemical conditions. Consequently, a
flame accelerates due to the boundary conditions.
In the recent years, there have been many studies scrutinizing the role of boundary
conditions in the flame acceleration scenario by means of analytical formulations, computational
endeavors and experimental measurements. However, the majority of these works was limited to
equidiffusive flames, where the thermal-to-mass diffusivity ratio (the Lewis number; Le) is
unity. In this respect, the present thesis removes this limitation by analyzing non-equidiffusive
(fuel-lean, Le < 1, and rich, Le > 1) flames propagating in pipes of various widths. Specifically, a
parametric study has been conducted by means of simulations of the basic hydrodynamic and
combustion equations.
A fully-compressible Navier-Stokes solver available in Akkerman’s group at West Virginia
University was employed in the simulations. The embryo of this solver was originally developed
at Volvo Aero / Chalmers University, Sweden, and then upgraded by various research groups
and adapted for parallel computations. In this study, specifically, two-dimensional (2D) channels
with smooth walls and different thermal conditions such as isothermal and adiabatic walls, have
been employed for various Lewis numbers in the range 0.2 ≤ Le ≤ 2.0, and the Reynolds number
associated with the flame propagation in the range 5 ≤ Re ≤ 30.
As a result, a strong coupling between the wall conditions and the variations of the Lewis
and Reynolds numbers is demonstrated. Specifically, it is observed that the increase in the Lewis
number results in the moderation of flame tip acceleration. It is also found that there is a change
in the burning rate and surface area of the flame front at the lower Lewis numbers, where flames
appear unstable against the thermal-diffusion instability. Moreover, a very substantial difference
between the situations of isothermal and adiabatic wall conditions is demonstrated.
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Nomenclature
𝐶𝑉

Heat capacity at constant volume

𝐶𝑃

Heat capacity at constant pressure

𝑐

Speed of the sound

𝐸A

Activation energy

H

Enthalpy

𝐿𝑓

Flame thickness

𝐿𝑓*

Flame thickness, including wall effects

𝐿𝑐

Cell length

Lm

Markstein Length

𝑚

Constant molar mass

𝑀𝑎

Mach number

Mk

Markstein number

𝑃

Pressure

𝑃𝑟

Prandtl number

𝑄

Specific energy released in a chemical reaction

qij

Energy diffusion vector

𝑟

Radial position

𝑅

Flame tip position along the conduit

𝑅𝑐ℎ

Half width of the channel

𝑅𝑐

Flame tip position at the conduit centerline

Re

Reynolds number

𝑅u

Universal gas constant

𝑅𝑡𝑢

Channel width

𝑆𝑐

Schmidt number

𝑇

Temperature

𝑇𝑤

Wall temperature

𝑡

Time

𝑢

Velocity component

𝑈𝑐

Flame velocity at the center of the pipe

𝑈𝑓

Planar flame velocity
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𝑈𝑡ip

Flame tip velocity

𝑈𝑤

Flame velocity near the wall

𝑌

Mass fraction of the fuel

𝑧

Axial flame position

Ze

Zel’dovich number

Greek Letters
𝛼

Blockage ratio

𝛾

Adiabatic exponent

𝛾ij

Stress tensor

𝜀

Total energy per unit volume

𝜁

Dynamic viscosity

Θ

Thermal expansion coefficient

𝜆

Cell width size

𝜌

Density

𝜎

Acceleration rate

𝜏

Scaled time

𝜏𝑓

Scaled time with respect to the flame

𝜐

Kinematic viscosity
Scaled temperature
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Chapter 1: Introduction
Combustion is a chemical reaction between a fuel and an oxidant (oxidizer) which is highly
exothermic in nature. Oftentimes, heat released by such a reaction makes it self-sustainable.
Humans have been finding practical uses of combustion such as cooking or heating since the
primitive times. With the start of civilization and the discovery of a steam engine, a new usage
of combustion – production of mechanical work – has been discovered. The latter is a backbone
of the modern civilization.
In fact, steam engines have been used in transportation of railways and ships. With the dawn
of fuels like gasoline and its by-products, the internal combustion (IC) engines, which use power
of fuels to drive pistons and create movement, appear.
Burning of fuels can be classified as stationary or explosive [1]. Stationary combustion can
be observed, in particular, in gasoline lamps with wicks. In contrast, explosive combustion is
where a flame moves rapidly through the combustible mixture as occurs in gasoline engines [1].
The burning mixture can be classified as premixed or non-premixed. Specifically, premixed
combustion is that where the mixing of the fuel and oxidizer occurs before the ignition. Typical
premixed flame propagation is illustrated in Fig 1.1. This can be seen in spark-ignition (SI; Otto)
gasoline engines. In non-premixed flames, the fuel and oxidizer are sent into the burning zone
separately where mixing occurs by molecular or turbulent diffusion. An example of this is a
compression ignition (CI; Diesel) engine.
The present research is focused on premixed combustion. We can compare the achieved
flame velocities with the speed of sound and distinguish the two regimes of premixed burning:
1) Deflagration (or flame): In this case, the reaction is progressed by thermal conduction
such that the flame propagation velocity is of the order of 0.1-10 m/s, being thereby
strongly subsonic [2,3].
2) Detonation: In this case, the reaction is driven by the shock waves that compress and
preheat the fuel mixture, which finally explodes and detonates. Here the flame
propagation velocity is supersonic, typically around 2000 m/s [2,3].
1

Figure 1.1: A sketch of premixed flame propagation scenario.
By observing characteristic velocities in these regimes one can conclude that detonations
propagate 2-4 orders faster than deflagrations. In some cases, a deflagration-to-detonation
transition (DDT) event occurs, this is commonly observed in nature also, especially during the
explosion of the supernovae stars. In terrestrial conditions, this principle is also the base for the
pulse-detonation engine. Concurrently, DDT is dangerous and unpredictable. This is one of the
most intriguing problems presently faced by the researchers [3]. Hence the study of DDT has
gained importance. Understanding this transition will give us better control over DDT and will
be advantageous to minimize the adverse effects in cases where it is not desired.

1.1 Motivation
As the need to study combustion is gaining importance, a lot of extensive study has been done on
different flame configurations [4] as shown in Fig. 1.2. To simplify the solution the most
reasonable and preferably used geometries are pipes (channels or tubes) and slits. This is used
not only because of its simplicity, but also because it has many practical applications such as:
1. Pseudo-combustion of thermo-power waves in nanotubes [5] (Fig. 1.2a): Here the
nanotube or nanowire of high axial thermal conductivity is coupled with an exothermic
chemical reaction to produce a self-propagating reactive wave that can be driven along its
length. These waves with high power density may be used for unique energy sources.
2. Micro and mesa combustors [6] (Fig. 1.2b): Micro combustion is gaining importance as
2

the world is moving towards smaller length scales. For example, miniature satellites and
unmanned aerial vehicles (UAV) have various applications. As the power source should
be able to match the geometry, the study of combustion at small scales is important.
Mesa-scales are distinguished from “micro” when the heat loss is comparable to the heat
generated, thus, mesa-combustors are also gaining importance.
3. Fire safety in mines [7] (Fig. 1.2c): A great hazard is represented by the accidental dust
deflagrations to people and equipment in transportation of flammable products. Study of
combustion in tubes is essential in case of coalmines, where sudden explosions may
result in a lot of risks due to the presence of flammable dust and gases which provoke the
combustion.
4. Micro Electric Mechanical Systems (MEMS) [8] (Fig. 1.2d): A lot of research is going on
the idea of micro-electro-mechanical-system internal combustion engines. Micro internal
combustion engines have been developed to provide compact electric power source and
micro vehicle propulsion units.

(a)

(b)

(c)

(d)

(c)

Figure 1.2: Applications of channel combustion: a) Nano tube, b) UAV, c) coal mines and
d) rotary engine.
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Therefore, there is an increasing demand to understand dynamics and morphology of flames that
flashes researchers’ minds in many applications as mentioned above.

1.2 The Scope of the Investigation
In this thesis, the effects of thermal boundary conditions on the flame propagation dynamics are
scrutinized. With this purpose, a parametric study with the help of computational means has been
implemented. Two types of thermal conditions have been used:
1. Adiabatic Wall Conditions: The pipes are subjected to adiabatic conditions, where the
system is insulated. Here, the flame morphology and propagation are observed in relation
to the changing Le number and the width of the channel (the Reynolds number).
2. Isothermal Wall Conditions: The pipes are subjected to isothermal conditions, where the
temperatures of the wall are maintained constant. Here, the flame morphology and
propagation are observed in relation to the changing Le number at both low and high
temperature walls.
The burning rates, along with the change in surface area of the flame front, characterized by the
fuel thermal expansion
Θ = Tb / Tf = ρf / ρb

(1)

have been investigated in both cases, while the scaled tip velocity changes are recorded during
the flame propagation. In both cases, we are making the flames non-equidiffusive by changing
the Lewis number (Le) defined as the mass diffusivity to the thermal diffusivity ratio. The Lewis
number can also be calculated from the ratio of the Schmidt (Sc) and Prandtl (Pr) numbers as:
Le = Sc/Pr.

4

(2)

Chapter 2: Literature Survey
Even though combustion applications are employed for centuries unless millennia, there was
only little understanding on the subject of flame morphology at a time a fire was first employed.
As the centuries passed, the knowledgebase over this topic has been increased tremendously.
Various aspects of combustion attracted a lot of researchers. As such the conceptual process
leading flame acceleration to detonation has also been studied and showcased in the recent
studies [9,10]. Accordingly, DDT can occur because of an intense expansion of burning mixture,
which pushes and provokes a spontaneous reaction in the fresh fuel mixture ahead of it, because
of compression [11]. Zeldovich el al. [12] proposed a DDT scenario as that in Fig. 2.1.

Figure 2.1: The stages of DDT as described by Zeldovich et al. [12].
In general, flame corrugation and following acceleration occur due to many reasons such as
combustion instabilities, acoustic effects, turbulence and geometric features [13]. One of the
acceleration mechanisms related to the initial stage of the process was first studied by Clanet and
Searby [14]. In this mechanism, the flame front develops from a spherical kernel to a fingershaped front during the laminar stage and then accelerates instantaneously. Later analytical
formulation on this flame model has been developed by Bychkov et al [15].
Another acceleration mechanism, suggested by Shelkin et al. [16], explains spontaneous
acceleration as a result of the non-slip conditions at the pipe walls. Friction causes the flame
front to expand, thereby intensifying combustion and leading to acceleration as can be shown in
Fig 2.2. Later, the idea was developed into theory by Bychkov et al. [15] for an exponential
acceleration mechanism. The authors of [15] have found the acceleration rate, the flame shape
and the velocity profiles in the flow pushed by flames for 2D channels. Akkerman et al. [17]
have extended these formulations to axisymmetric, cylindrical tubes. This has further been used
5

to account viscous heating [18] and also gas compression [19, 20]. With all these items figured
out, the entire DDT scenario has been clarified up to the detonation onset.

Figure 2.2: The Shelkin (wall friction) mechanism of flame acceleration [15,16].
All these theories have been verified by computational simulations, while both employed
some set of simplifications [15-20]. One of the assumptions employed in the theory is the
Landau limit of zero flame thickness. However, later it was shown that the flame thickness
influences the combustion instabilities and moderates acceleration [4,21,22]. Later, one of the
flame instability mode, namely, the diffusional-thermal (DT) instability has been studied [23-26],
and the domains for various instability modes have been identified. However, the simulations for
non-slip, adiabatic walls [15] employed equidiffusive (Le = 1) flames only so far.
6

Figure 2.3: Evolution of isotherms for Re=25, Pr =1 from 600K to 2100 K in steps of 300K [15].
Even though there was reasonable progress in understanding of the flame acceleration
mechanisms, there is still a lot to be explained, theoretically, that has been observed numerically.
In particular, Fig. 2.3 represents the formation of little trough at the flame front near the pipe axis
observed, computationally, by Bychkov et al. [15]. Darrieus [27] and Landau [28] investigated
such flame perturbations in 1930-40th and explained it to be the instability caused by the thermal
expansion in the burning process. This is nowadays referred as Darrieus-Landau (DL) instability.
The studies [27,28] concluded that the flame corrugations rise exponentially, simultaneously
increasing perturbation in the flame front, thereby enlarging the surface area due to acceleration.
It was also suggested that any premixed flame is unstable (within the Landau limit of zero flame
thickness).
Pelce and Clavin [29] have studied the DL instability of flames of finite thickness and
explained that the heat fluxes within the flame front converge to the concave region thereby
providing acceleration which stabilizes the DL instability. In non-equidiffusive flames, the DT
instability effect is more profound and gains dominance over the DL instability.
The critical threshold for the DT instability can be defined in the MkC–ZeC–LeC–EA,C
parametric space. Here, MkC is the critical Markstein number, ZeC the critical Zeldovich number,
LeC the critical Le number and EA,C the critical activation energy. The Zeldovich number (Ze) is
the temperature sensitivity to the reaction rate (Eq 14). The Markstein number (Mk) gives the
thermo-diffusive stretch effects in flame acceleration [30,31], specifically, it can be defined as
the ratio of Markstein length to the laminar flame thickness:
7

Mk = Lm/Lf

(3)

where the Markstein length Lm is the effective flame thickness with respect to the flame
curvature and stretch such that the greater the Markstein length, the greater is the effect of
curvature on burning velocity. The Markstein number shows the flame response to curvature and
stretch and is coupled to the Lewis number [32,33,34]. The detailed formulations for these
parameters are provided in Sec. 4.1.
The internal flame structure is essentially interrelated to the diffusive properties. The limits
of the stability of this flame can be defined in the Ze-Le-Θ parametric space. Mostly all these are
calculated and simulated in adiabatic environments as most of the effects due to heat transfer can
be avoided and the concentration can be focused on the momentum and energy transfer. But the
wall heat transfer processes can provide a significant impact on the flame acceleration scenario.
Hackert et al. [35] studied the laminar flames in cylindrical ducts with the heat losses at the
walls, and they have shown that the solid-body radiation has a significant effect on the
temperature distributions and the flame propagation speeds. Daou and Matalon [36] have also
examined premixed flames in 2D channels considering the conductive heat losses at the walls.
Later, Norton and Vlachos [37] adopted thermal conductivity with variable wall thickness
for a 2D elliptical micro-burner and have found that the wall conductivity and thickness are very
important for the flame evolution as they determine the upstream heat transfer, which affects the
flame ignition and stability.
Kagan et al. [38] studied deflagration-to-detonation transitions (DDT) in 2D channels with
isothermal walls. All these studies have shown a significant difference as compared to the
adiabatic walls. Hence the study of flame acceleration in isothermal conditions is also important.
Ugarte et al. [39] has studied the effect of isothermal walls on the equidiffusive (Le = 1) flames.
A lot of experimental studies were also performed to analyze the flame morphology. Some
of them used the setup shown in Fig 2.4 [40] to capture the shape of the flame front at different
times to study the flame behavior. This helped to compare the computational data to the theory
and the experimental results, to further validate the studies and understand the phenomena.

8

1. Synchronization Controller
2. Spark igniter
3. High-speed video camera
4. Ignition electrode
5. Knife edge
6. Schlieren mirror
7. Data recorder
8. Gas mixing device
9. Vacuum pump
10. Focusing lens
11. Point light source
12. Pressure transducer
13. Discharge vent

Figure 2.4: Experimental setup to capture the propagating flame front [40].

Figure 2.5: a) The images of premixed hydrogen–air flame; b) the tulip flame formation and
distortion [40]
Some of the experimental images of premixed hydrogen-air flame propagation are shown in Fig
2.5. The formation of tulip flame and distortion of it, observed experimentally, is also shown.

9

Chapter 3: Methodology
In the present analysis, the role of the thermal boundary conditions is explored, computationally,
for 2D channels of various widths, having non-slip walls and one end open. Combustion is set to
start at the closed end such that a flame propagates towards the open end. Numerical simulations,
based on the finite-volume computational scheme, are performed. The simulations are followed
by plotting and analyzing the flame morphology by scrutinizing the burning rate, flame velocity
and its surface area. The evolution of the flame shape is also visualized.
The most useful parameters used to characterize the flame are the global Lewis number,
which is devoted to the diffusivity, and the Reynolds number associated with flame propagation
(4)
Being the tube radius times the laminar burning velocity over the kinematic viscosity, the latter is
also coupled to the scaled tube half-width R/Lf (the Peclet, Pe number) and the Prandtl (Pr)
number. With the change in Re, the stretching of the flame is affected. This can be measured
using the Markstein (Mk) number. The model to incorporate the classical stretch formulation is
adopted from the classical theory of Matalon and Matkowsky [30]. Hence, in this analysis we
compare different combinations of both the Lewis and Reynolds numbers as both quantities have
a great impact on the flame morphology and propagation. In this section the numerical approach
used, the theories behind the boundary conditions and the grid used are explained in detail.

3.1 Numerical Approach
The current analysis has been performed using an in-house solver that employs finite-volume,
fully-compressible numerical simulations of the set of mass, momentum and energy equations
with a self-adaptive structured grid. The chemical kinetics is modelled by a one-step irreversible
Arrhenius reaction of the 1st order, with the gases assumed to obey the ideal gas law. The code is
available in both Cartesian and cylindrical coordinates, and is adopted for parallel computations.
The embryo of the solver was first developed by Dr. Eriksson from Goteborg, Sweden at
Volvo Aero Co., and later revised and updated by many research teams including the groups of
Drs. Liberman (Uppsala University), Bychkov (Umea University), Valiev (Tsinghua University)
and Akkerman (West Virginia University). Because of these edits the present analysis is possible.
10

Table 3.1: Basic Equations
Equation

Formulation

Continuity

Eq.
No.
(5)

Momentum

(6)

Energy

(7)

Species

(8)

conservation
Internal Energy

(9)

Enthalpy

(10)

Stress Tensor

(11)

Energy
Diffusion
Vector

(12)

The basic equations are presented in Table 3.1 above. The solver is parameterized with some
values for a premixed combustible diatomic perfect gas for calculations, with the specifications:
•

m = 2.9 x 10-2 kg/mol

•

CV = 5Ru/2m

•

CP = 7Ru/2m

•

Ru = 8.314 J / (mol.K)

•

P = ρRuT/m (ideal gas equation of state)

•

Uf = 34.7 cm/s

•

1.7x10-5 N.s/m2

•

EA = 32RuTf

•

Ma = 10-3

•
•

Θ=5

11

3.2 Boundary Conditions
Different boundary conditions are used in the simulations to implement different configurations.
The conditions imposed in the analyses are:
•

The non-slip wall condition is defined by

•

The slip wall condition is defined by

•

The adiabatic wall condition is set using the equation

•

The isothermal wall condition is set using the equation:

.
( is the unit vector normal to the wall).
.
, where Tw is the

average value at mid-point from both surface boundaries. Specifically, we have used:
✓ High temperature Tw = 800K – preheated walls.
✓ Low temperature Tw = 300K – cold (room temperature) walls.
•

The open end is set by:

•

The Lewis number Le is changed by changing the Schmidt number Sc.

•

The flame Reynolds number Le is changed by changing the radius of the channel.

3.3 Grid Generated
It is recalled that the solver employs the finite-volume numerical scheme. It is the 2nd-order
accurate in time, 4th-order accurate in space for the convective terms, and 2nd-order accurate in
space for the diffusive terms. Other computational details are explicitly explained in [41,42]. In
the present investigation, the radius is varying from 20 Lf till 70 Lf. The dynamic mesh is used in
the solver to reduce the computational costs where the finer mesh is confined to the travelling
flame front. The mesh is shown in Fig 3.1. The surrounding mesh is about 5% coarser. The outer
walls are not insulated to control the temperature hence the solver adopts an adiabatic approach.
The grid along the y-direction is 0.2 Lf , which is sufficient to resolve the internal flame
structure. The mesh size outside the fine grid grows gradually with 2% change in size of adjacent
cells. The adaptive grid is applied to keep the flame in the fine zone, which moves together with
the flame. On the other hand, the grid along the x-axis is taken to be uniform, with the cell size
equivalent to 0.5 Lf. Hence, the zone of large velocity gradients close to the walls was able to be
resolved well.
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Figure 3.1: The dynamic mesh with a variable resolution [46].
To check the mesh independence, various tests simulations were run with the number of cells
increased three times in x-direction which yielded an accuracy of (5-10)% [21]. This can be
taken as the numerical accuracy of the simulation data from Fig. 3.2.

Figure 3.2: A resolution test for the flame tip position Ztip / R versus the scaled time SL t / R for
the different mesh sizes of Lf, 0.5 Lf , 0.25 Lf and 0.125 Lf with Le = 1 in each case [21].
We used a planar ignition to simulate all the flames considered in this study. The boundary
conditions for the walls are changed as adiabatic and isothermal depending on which case we are
studying. In the case of isothermal walls, the temperature of the wall is fixed to a certain value
(high or low). The planar ignition as shown in Fig 3.3 follows the equations given by Zeldovich
and Frank-Kamenetski. [3]. The open end is created by forcing it to be a non-reflective surface as
the length of the channel has no effect on the results being studied.
13

Fuel
Mixture

Planar ignition

Flame

Figure 3.3: Illustration of a planar ignition.

3.4 Validation
The solver has been used by many researchers in Dr. Akkerman’s group. To check the accuracy
and validity of the solver, this section is included with the previous results produced by the
solver which were compared to the experimental results to prove its precision. In 2015, a
numerical simulation of stoichiometric ethylene-oxygen combustion was performed and then
compared with the experiments [43]. The scaled tip velocity versus the scaled time were
calculated numerically and compared to the experimental results which are shown in Fig 3.4.

(a)

(b)

Figure 3.4: Scaled tip velocity vs the scaled time charts with both numerical and experimental
results for: (a) R = 0.25 mm; (b) R = 0.5 mm [43].
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Chapter 4: Theory
There is a number of the theories which have been formulated over the time. Some of them,
related to this project, are explained in this chapter.

4.1 Zero Dimensional Theory
The diffusional-thermal (DT) instability causes a morphological deformation of the flame front.
It is recalled that the Markstein number, describing the flame response to curvature and stretch
and defined as the ratio of the Markstein length to the laminar flame thickness, yields a stability
limit for the DT instability. It is coupled to the Lewis and Zeldovich number as [44]
(13)
where,

, Tf and ρf are the thermal expansion coefficient, the fuel temperature and fuel density,

respectively while Tb and ρb are the parameters related to the burnt matter. The

is the

function of temperature dependence of the transport coefficients and Ze is given by [44]:
(14)
Equation (13) can be simplified and written as
(15)
where
(16)

,

(17)
Fig. 4.1 represents the behavior of the ZeC as the function of

from Eq. (14) while Fig. 4.2

shows the change in LeC as a function of Ze from Eq. (15). After analyzing these results and
further studies, it was found that the DT instability is developed only if Ze > ZeC, EA > EA,C and
, where the subscript “C” indicates the critical parameters.
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Figure 4.1: ZeC as the function of

Figure 4.2: Lec as the function of

for

for

=1 and

=1 shown by the solid lines and

.

shown

by the dotted lines.

4.2 Theory of Flame Acceleration in 2D Channels
All the simulations of this work are devoted to 2D channels. The respective equations describing
flame acceleration are derived by Bychkov et al [15]. Specifically,
(18)
where

. In the limit of

, Eq. (18) reads
(19)
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with the analytical solution
(20)
The simulation results of Demirgok et al. [45] explained the change in the acceleration trend
depending upon the values of Re and
higher values of

and almost linear for

. It was shown that acceleration is exponential for the
values under the critical value. This is clearly depicted

by the Fig 4.3. The circles indicate the exponential acceleration regime was tested, whereas the
triangles under the critical

line represent the linear acceleration cases. The red stars (

)

represent the simulations of the current study.

Figure 4.3:

vs Re diagram representing the exponential and non-exponential acceleration

regimes. The solid line is the critical line where this transition takes place [45].

4.3 Flame Acceleration in Adiabatic and Isothermal Wall Conditions
Combustion inside a pipe is an intriguing concept. As the place for flame initiation is
confined, it is largely influenced by the boundary conditions. The boundary layers formed and
the heat transfers have the comparable effect on the flame dynamics. Hence, it is crucial to
understand the effect of such conditions on the flame dynamics. The adiabatic case is generally
considered here, because it simplifies the problem as there is no heat transfer term in it. This
condition is preferred to study other factors which influence the flame morphology such as wall
friction, acoustics or turbulence. Here, the non-equidiffusive flames are studied in adiabatic
environment to isolate diffusivity effects without heat transfer as shown in Fig. 4.4. The simplest
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case to study the non-adiabatic condition is to consider isothermal walls as illustrated by Fig. 4.5.
Here, while propagating, the flame participates in the thermal energy exchange which alters the
flame structure.

Figure 4.4: Flame structure with adiabatic walls

x (m)

Constant Wall
Temperature

Flame

Fuel
Mixture

z (m)
Figure 4.5: The isothermal wall conditions.

x (m)

z (m)
Figure 4.6: Flame structure with isothermal walls
In addition, a stimulating effect appears in the flame morphology when the channel walls are
maintained at a constant temperature [39]. Namely, while at adiabatic walls flame propagation is
controlled by the expanding burning matter and the flame surface area (where the fuel is actually
consumed), in the case of an isothermal channel, the boundary layer causes friction influencing
the flame shape, and the flame stretching is observed. It is also observed that the flame may
propagate faster in isothermal conditions as the thermal expansion ratio is reduced. In the cases
of isothermal walls, a different temperature gradient is observed in the flame as presented in Fig.
4.6, as the boundaries of the flame near the walls tries to gain the wall temperature.
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Chapter 5: Results and Discussion
In this chapter, the flame morphology and dynamics are analyzed in a set of parametric studies
by means of computational simulations. Specifically, we consider a channel which is filled with
gaseous fuel mixture. The channel has one end closed, where a planer flame is initiated and then
the flame proceeds towards the open side as shown in Fig. 4.4. Two wall boundary conditions
are considered: (i) adiabatic and (ii) isothermal walls, respectively. The burning matter expands
thereby pushing the flame forward because of thermal expansion. Due to wall friction, the flow
ahead of the flame becomes non-uniform thereby bends the flame front. As a result, the flame
surface area increases, and such a corrugated flame consumes more fuel per unit time and
accelerates faster than the planar one at the same thermal-chemical conditions. Consequently, a
flame continuously accelerates due to the thermal and boundary conditions until the deflagrationto-detonation transition. Wall friction impacts the flame propagation by producing the flow
similar to a Poiseulle flow as shown in Fig. 4.4.

x/R

Fuel
Mixture

Planar
flame
ignition

Walls of the channel.
(adiabatic or isothermal)

Figure 5.1: Computational thermal model created by the solver.
Figure 5.1 shows the general thermal model created by the solver to solve the considered
cases. The wall conditions are set accordingly and then the flame propagates. Furthermore, the
shape of the flame front as it progresses depends on several factors such as the Lewis and
Reynolds numbers, wall boundary conditions etc. In the following sections, we investigate the
effect of these factors by means of the detailed parametric study. While we keep one or two
parameters as a constant, we investigate variation of the other parameter(s).
This section is divided into five parts, where the first subsection is devoted to equidiffusive
(Le =1) flames in a channel with adiabatic walls; followed by the next two subsections devoted
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to the non-equidiffusive (Le < 1 and Le > 1) flames under the same wall boundary conditions
with various flame Reynolds numbers. The last two sections are dedicated to the isothermal wall
conditions with low (Tw = 300K) and high (Tw = 800K) wall temperatures. For all these analyses,
we took the thermal expansion factor as
the chemical reaction as compared to

which provides a relatively low energy release in
, which is typical for methane and propane burning.

All these factors have a significant impact on the flame morphology and dynamics. The
flame velocity calculated will be different as the local velocities are affected by these behavioral
changes whereas the planar flame velocity remains the same. Consequently, the burning rate also
changes, and it can be calculated as:
(21)

5.1 Equidiffusive Flames with Adiabatic Walls
In this subsection the equidiffusive (Le = 1) flames are considered at various Re (controlled by
varying the channel width). These cases are studied to create a benchmark to compare, later, the
properties of the non-equidiffusive accelerating flames. The flame Reynolds number is varied in
the range 5 ≤ Re ≤ 30. The width of the channel is therefore in the range 10 ≤ R ≤ 60. The graphs
in Fig. 5.2 are for (a) Re = 5 and (b) Re = 10. We observe that all the properties have a smooth
transition and exponential behavior. However, increasing Re further, Figs. 5.3 – 5.5, we observe
that the growth of the scaled properties become not smooth anymore.
Additionally, we can observe that there are some sudden peaks in all the properties for the
considered Re numbers. This might be due to the trough formation in the flame front, which is
related to some artifacts due to the initial conditions, or because of the combustion instability at
the channel axis [13]. As the channel size increases, we see that the trough formation becomes
more evident. For higher Re, Re = 30, we also see that the trough becomes prominent and the
finger projections start forming. The flame front in the channels with lower Re does not show
such a behavior. We can see from Figs. 5.4 and 5.5, that the increase in Re reduces the scaled
flame tip velocity and the flame surface area. Additionally, a flame exhibits linear acceleration
regime in the range of 15 ≤ Re ≤ 30, while it accelerates exponentially for the 5 ≤ Re ≤ 10.
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(b)

Figure 5.2: The scaled flame tip velocity, Utip/Uf, the scaled surface area, Aw/D, and the scaled
total burning rate, Uw /Uf, versus the scaled time  = Uf t/R for Le = 1 and Re = 5 (a) and 10 (b).
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Figure 5.3: The scaled burning rate Uw /Uf versus the scaled time  = Uf t/R for different flame
Reynolds numbers Re = 15~30.

Figure 5.4: The scaled flame surface area Aw/D versus the scaled time  = Uf t/R for different Re.
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Figure 5.5: The scaled flame tip velocity Utip/Uf vs the scaled time  = Uf t/R for different Re.

t = 3.63e-04 sec

t = 1.22e-03 sec

x (m)

t = 2.34e-03 sec

z (m)
Figure 5.6: The color temperature snapshots of the flame evolution for Le = 1 and Re = 15.

t = 4.09e-04 sec

t = 1.319e-03 sec

x (m)

t = 1.95e-03 sec
z (m)
Figure 5.7: The color temperature snapshots for the flame evolution for Le =1 and Re = 25.
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The flame evaluation is seen in Figs. 5.6 and 5.7 for Re = 15 and 25, respectively.
Specifically, Fig. 5.7 shows the evidence of trough formations and birth of the finger-like flame
projections. These fingers become more noticeable as the flame propagates further. As the flame
area increases, due to the trough formation, the flame consumes more fuel and accelerates faster.
This can be easily understood by the consecutive flame tip snapshots in Figs. 5.6 and 5.7.

5.2 Le <1 Flames with Adiabatic Walls
In this subsection, we study non-equidiffusive flames to understand the effects of mass and
thermal diffusivity on the flame propagation and to analyze the DT instability modes with
respect to the flame structure and dynamics. Specifically, 0.2 ≤ Le < 1 cases are examined.
Referring to Figs. 5.8 and 5.9, the trough formations become more concave which in turn
increases the surface area, burning rate and flame acceleration. In fact, the Le < 1 flames exhibit
an effective flame “channeling”, which is the splitting of flame into two or more elongated crests
with morphological deformation resembling the DT instability.

Figure 5.8: The properties of flame front versus the scaled time for Le = 0.2 and Re = 20.
Figure 5.8 shows the time evolution of the scaled burning rate, the scaled flame surface area and
the flame tip velocity. As it can be seen in Fig. 5.9, trough formation heightens as Le decreases
and the two crests create a split at the channel axis, and it gives rise to a third crest at the middle.
As the time grows, we see an increase in the flame surface area and the burning rate, which
promotes acceleration significantly. Later, due to drastic acceleration, the middle crest collapses
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and closes the gap between the two troughs. This suddenly decreases the flame surface area,
which promptly moderates flame acceleration.

t = 3.73e-04 sec

x(m)

t = 7.05e-04 sec

t = 1.08e-03 sec
z(m)
Figure 5.9: The color snapshots of the flame evolution for Le = 0.2 and Re = 20.

Figure 5.10: The properties of flame front versus the scaled time for Le = 0.6 and Re = 20.
As the Lewis number increases to Le = 0.6, formation of the third trough is not as apparent
as it can be seen in Fig. 5.11. Indeed, this difference can be easily judged by comparing Fig. 5.8
(for Le = 0.2) to Fig. 5.10 (for Le = 0.6). Hence, referring to Figs. 5.9 and 5.11, it can be
concluded that flame channeling decreases with Le. Along with the change in the Lewis number,
the flame propagation Reynolds number also provides a noticeable impact on the flame shape. In
Fig. 5.13, we increase Re further, and the center crest becomes more noticeable. This also results
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in splitting the elongated crests, which exposes larger surface area and, thereby, the flame will
accelerate even much faster.

t = 4.81e-04 sec
x(m)
t = 1.26e-03 sec

z(m)
Figure 5.11: The color snapshots of the flame evolution for Le = 0.6 and Re = 20.

t = 1.08e-03 sec
x(m)

t = 1.46e-03 sec
z(m)
Figure 5.12: The color snapshots of the flame evolution for Le=0.2 and Re=20

t = 7.85e-04 sec
x(m)
t = 1.09e-03 sec

z(m)
Figure 5.13: The color snapshots of the flame evolution for Le = 0.2 and Re = 30.
After examining the flame structures for all non-equidiffusive flames, the flame acceleration
stages can be specified. Here, the first stage is initial trough formation, followed by the split of
this formation with the elongated crests that enhance flame acceleration. This stage is succeeded
by the closing of the split, i.e. the wall crests start attaching by the third crest which catches up
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with the first two crests from the center. The final stage is that when the entire flame front moves
and when the axial crest combines with the upper and lower crests to create the entire flame front
without any breaks [21].

5.3 Le >1 Flames with Adiabatic Walls
This section examines non-equidiffisive, fuel-rich (Le > 1) hydrocarbon flames. It is recalled, in
this respect, that the Le exceeding unity implies a dominance of the thermal diffusivity on the
mass diffusivity. Specifically, the cases of Le = 1.4 and Le = 2.0 are investigated at a fixed flame
Reynolds number, Re = 20. Some curious conceptual differences can be concluded from Figs.
5.14 and 5.15 for the non-equidiffusive flames, i.e. the flame channeling behavior was observed
to be relatively minor as compared to the Le < 1 cases. Additionally, there is no sight of a center
crest or a split in Figs. 5.14 and 5.15. Similar behaviors are also observed for higher Reynolds
number, Re = 30, for Le = 1.4 and Le = 2.0 as shown in Figs. 5.16 and 5.17, respectively.

x(m)

t = 1.28e-03 sec
sec
z(m)
Figure 5.14: A temperature snapshot for a flame with Le =1.4 and Re = 20.

x(m)

t = 9.19e-04 sec

z(m)
Figure 5.15: A temperature snapshot for a flame with Le = 2.0 and Re = 20.

x(m)

t = 1.54e-03 sec
z(m)
Figure 5.16: A temperature snapshot for a flame with Le = 1.4 and Re = 30.
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x(m)

t = 1.47e-03 sec
z(m)
Figure 5.17: A temperature snapshot for a flame with Le = 2.0 and Re = 30.
After quantifying and analyzing the flame dynamics, we see that there is a crest formation

but not to an extent that the flame splits. Additionally, the trough is smooth and more prominent
as the flame Reynolds number increases, but there is no major abrupt change in the flame
properties. Indeed, all the properties increase smoothly and thus the plots obtained are also very
smooth, without any major bumps and disturbances, unlike the Le < 1 flames. The main reason
can be devoted to the non-equidiffussive effects which are promoted at lower Le, Le < 1.
In Fig. 5.18, the scaled burning rates, plotted versus the scaled time, are compared for the
various Lewis and Reynolds numbers. A linear trend is observed in all cases. As a result, the
changes in the flame patterns are observed to be prominent. This deviation from exponential
acceleration could be devoted to the growth of the thermal diffusivity. The further scrutinized
analysis also revealed that the acceleration rate is reduced for the lower Reynolds numbers.

Figure 5.18: The scaled burning rate versus the scaled time for fuel-rich flames.
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Figure 5.19: The scaled flame properties versus the scaled time for Le = 1.4 and Re = 20.
In summary, all the flame properties are compared in Fig. 5.19. The scaled flame surface
area, the scaled burning rate and the scaled flame tip velocity are interrelated; hence a smooth
transition is observed in all of them. In summary, flame acceleration is strengthened with the
increase in Re and reduces with Le.

5.4 Isothermal Walls at Low Temperature
As the thermal wall conditions have a very remarkable effect on the flame shape and properties,
it is important to examine these variables at various conditions. In this subsection, specifically,
the isothermal walls with low temperature are investigated. Namely, the wall temperature is kept
constant in the simulations, being taken as the room temperature of 300K. The channels of fixed
radius 10Lf with various Lewis numbers in the range of 0.2 ≤ Le ≤ 2 are considered. As a result,
these set of simulations aim to reveal flame morphology and dynamics in both equidiffusive and
non-equidiffusive flames in the case of imposing a cold wall thermal boundary condition.
When the temperature of the channel walls is maintained at 300K, the heat exchange occurs
in two directions: one towards the walls and the other away from the walls, see Fig. 4.4 (the heat
flows towards the walls from the burnt matter, being generally at a higher temperature than the
walls because of the exothermic nature of combustion), and the other one, where the heat flows
from the walls to the cold fuel mixture.

29

For the lower Lewis numbers, where the mass diffusion is dominant whereas the effect of
thermal diffusivity is relatively minor, the burning rate reads higher values. This facilitates flame
acceleration. After some time or after reaching a point that the flame gets cooled down because
of the low wall temperature, the burning rate and flame acceleration falls. This occurs because
the central hot temperature zone of the burnt matter at the axis is high, which enhances the
thermal expansion and leads to the flame contraction as it cools down.

t = 1.16e-04 sec

t = 4.13e-04 sec
sec
x(m)
t = 8.79e-04 sec
sec
t = 1.22e-03 sec
sec

t = 1.70e-03 sec

z(m)
Figure 5.20: The color snapshots of the flame evolution for Le = 0.2 and Tw = 300 K.
The temperature decrease in unburnt matter leads to the decrease in the flame temperature.
The burned gas is also cooled to such a stage that the velocity drops drastically, which causes a
backward displacement of the flame. This can be seen in the Fig. 5.20 for Le = 0.2. As the Le
number grows to Le =1.4, the similar effects are present but not that clear as we can see in Fig.
5.21. As the reaction further proceeds, the wall effects will become much stronger and the flame
elongates leading to sustained acceleration for all Le employed.
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t = 9.48e-05 sec

t = 5.67e-04 sec

x(m)

t = 8.94e-04 sec

t = 2.06e-03 sec

z(m)
Figure 5.21: The color snapshots of the flame evolution for Le = 1.4 and Tw = 300K.

Figure 5.22: Comparison of the burning rate time evolutions for Tw = 300 K and various Le.
A decrease in the burning rate with Le is also observed in Fig. 5.22. But, individually, the
burning rate first grows and then decreases as the temperature is reduced. Additionally, as the
thermal diffusivity increases, the central core temperature remains intact and the burning rate
decreases. But the effect still exists; so the core high temperature region is slightly contracted.
Similar qualitative behavior is also observed for the scaled flame tip velocity in Fig. 5.23.
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Figure 5.23: The scaled flame tip velocity versus the scaled time for Tw = 300K and various Le.

5.5 Isothermal Walls at High Temperature
In this subsection, we consider isothermal hot walls. Specifically, the wall temperature is Tw =
800K. It is shown that the isothermal hot walls exhibit several interesting features that
distinguish the interpretation of the flame acceleration mechanism. Hence, referring to Fig. 5.24
for the flame evolution, some very interesting results are observed related to a flame front
position. Specifically, the flame is formed at the walls instead of the centerline as that occurred
in the case of cold walls. This makes the flame at center more planar.
The underlying reason for this trend is the hot regions near the walls which facilitate the
combustion process; therefore, flame propagation occurs at the walls. It is observed that flame
initially starts out as a planar one, but as the walls are at higher temperature the regions near the
walls get heated and lead to the pushing of the flame towards the wall. Then the flame at the
walls becomes elongated and propagates faster, leaving behind the planar central region. As the
propagation continues the central region gets heated up because of the presence of the burnt
matter. Due to the thermal expansion, the flame parts merge and become a one part. But the wall
effects are still intact and strong enough to elongate the flame at the walls again. This whole
flame propagation scenario resembles the closing of a zipper.
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t = 9.35e-05 sec

t = 1.56e-04 sec

t = 2.24e-04 sec
x(m)
t = 2.67e-04 sec

t = 3.37e-04 sec

t = 4.69e-04 sec

z(m)
Figure 5.24: The color snapshots of the flame evolution for Le = 0.2 at Tw = 800K.
In Fig. 5.25, the burning rate, the flame surface area and the scaled tip velocity are compared at
the various Lewis numbers in the range 0.2 ≤ Le ≤ 2.0, a constant Re = 5, and with isothermal
walls of temperature Tw = 800K. As a result, it is observed that scaled burning rate, surface area
and flame tip velocity are reduced by the increase in the Lewis number. The effect of thermal
diffusivity can be shown as being responsible for such a behavior. It is also observed that the
effect of thermal expansion is less apparent for the isothermal wall conditions. As there is heat
exchange, the heat loss provides support for combustion extinction.
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(a)

(b)

(c)
Figure 5.25: The scaled burning rate Uw/Uf (a), the scaled flame surface area Aw/D (b) and the
scaled tip velocity Utip/Uf versus the scaled time  = Uf t/R for various Le = 0.2 ~ 2.0.
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In summary, preheated isothermal walls facilitate the flame elongation through the walls that
increases the surface area slightly. Along with the presence of very high temperatures in and
around the channel, this influences the burning rate to become tremendously high. Once the
flame becomes whole again, the flame front is no more extended towards the walls, the surface
area drops suddenly and remains almost constant. This happens as Le increases, whereas the
burning rate keeps increasing with a slight slope or increment.
In conclusion, flame propagation in isothermal channels can also be described in four stages.
The first stage corresponds to no propagation or extinction of the flame, followed by linear
acceleration, which is shadowed by the sudden increase in acceleration and finally comes the
oscillatory stage, where the velocity keeps oscillating as shown in Fig 5.26.

Figure 5.26: Time evolution of the flame properties for Le = 0.6 with Tw = 800K.
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Chapter 6: Conclusion
The role of thermal boundary conditions in the flame dynamics in pipes have been investigated
by means of computational simulations. The variables explored in this parametric study include
the thermal wall conditions with interplay between the thermal and the mass diffusivities in
channels of various widths. The numerical simulations are performed for the complete set of
combustion equations including thermal conduction, viscosity, diffusion and one-step Arrhenius
chemical kinetics.
First, the channels with adiabatic walls were employed and the effect of the Lewis numbers
(in the range of 0.2 ≤ Le ≤ 2.0) and of the Reynolds numbers (in the range of 5 ≤ Re ≤ 30) were
investigated. Then the wall conditions were changed to isothermal, with both cold (Tw = 300K)
and preheated (Tw = 800K) walls being considered. For all the analyses, we used the thermal
expansion factor Θ = 5. The outcomes of the simulations include the record of the various flame
characteristics such as the flame tip velocity, the burning rate and flame front surface area. Their
time evolutions have been identified in all the cases.
When adiabatic channel walls are imposed, the flame exhibits some trough formations as the
Re increases for equidiffusive (Le = 1) flames. However, in case of non-equidiffusive (Le ≠ 1)
burning, as the Lewis number decreases, we observe a third trough formation on the flame front,
whose intensity increases with Re. The burning rate is also correlated with the third crest and
increases accordingly, thereby influencing the rest of the parameters.
However, it is noticed that the isothermal conditions can produce a corrugation of the flame
front independent of the non-slip wall conditions. The latter is the result of forcing the walls to
maintain certain temperature. This facilitates the burning rate initially, and then terminates as the
flame propagates much further.
At low-temperature isothermal walls, the initial flame elongation is similar to the adiabatic
conditions but they stop stretching with time and remain steady after that. At high-temperature
isothermal walls, the flame corrugation is reduced such that the flame stretches along the walls,
and later it expands vertically filling the channel completely. The flame velocities obtained in the
isothermal pipes were observed to be much slower than that were obtained in adiabatic pipes.
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Specifically, while adiabatic walls provide the conditions for an exponential increase in the flame
velocity with time, the isothermal walls allow at most linear acceleration.
The study of the flame morphology at different conditions helps us to better understand the
flame physics. By understanding this, we can use it to our advantage. Namely, we can select the
specified conditions to alter the acceleration trends of the flame to match a particular application.
For example, if exponential acceleration is desired, one can adopt the adiabatic walls with the
lower Lewis numbers. The flame speed in the combustors can be manipulated to our advantage
by knowing the effect of each parameter.
The variation of the channel geometry also influences the flame dynamics, which can be
applied in nanotubes to control the speed of the thermal waves. At the same time, changing the
equivalence ratio of the fuel-air mixture can modify the laminar flame speed Uf, which can be
constructively used in micro-combustors. Flame acceleration can also be controlled by varying
the wall temperature. Namely, the higher the temperature, the higher acceleration is. One can
simultaneously heat/cool the walls to manipulate acceleration and suit a particular application.
This study can potentially be extended to numerous directions. In particular, the walls can be
incorporated with a variable heat transfer flux or there may be obstacles added into the path of
the flame inside the channel. This study can also be extended to different geometries other than
channels. Apart from the simulations, an analytical model for linear flame acceleration is desired.
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